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Background/Purpose: Oxidative stress is thought to be involved in the development of vascular
dysfunction. Arterial stiffness is one of the most signiﬁcant manifestations of aging and vascular disease.
We investigated whether increased malondialdehyde-modiﬁed low-density lipoprotein (MDA-LDL),
which is responsible for oxidative stress, was associated with increased arterial stiffness, independent of
confounders of cardiovascular disease.
Methods: The participants comprised 10 men aged 70 ± 7 years (range, 61e82 years) and 86 women
aged 67 ± 7 years (range, 53e81 years). Peripheral arterial stiffness was evaluated by the mean of the
right and left brachial to ankle pulse wave velocity (baPWV).
Results and conclusion: Both right and left baPWV values of Tertile-2 (61e81 U/L) and Tertile-3 (82
e218 U/L) categorized by tertiles of the MDA-LDL level were signiﬁcantly higher than those of Tertile-1
(34e60 U/L; p ¼ 0.022 and p ¼ 0.018, respectively). The multivariate-adjusted baPWV increased
signiﬁcantly from the lowest to the highest MDA-LDL group. Both baPWV values of Tertile-2 (61e81 U/L)
and Tertile-3 (82e218 U/L) were signiﬁcantly higher than those of Tertile-1 (34e60 U/L) (p ¼ 0.044 and
p ¼ 0.044, respectively). To further investigate whether MDA-LDL can explain baPWV levels independent
of other known confounding factors, multiple linear regression analyses for baPWV were conducted,
which showed that MDA-LDL levels (b ¼ 0.164, p ¼ 0.037) were independently and signiﬁcantly asso-
ciated with baPWV as well as gender, age, and presence of raised blood pressure. In addition, we found
that a slightly highenormal MDA-LDL level within a normal range is signiﬁcantly associated with a
higher baPWV. MDA-LDL levels are associated with an increased risk of arterial stiffness in community-
dwelling persons.
Copyright © 2016, Asia Paciﬁc League of Clinical Gerontology & Geriatrics. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).1. Introduction
In humans, oxidative stress is thought to be involved in the
development of vascular dysfunction1 and has been implicated in
the pathogenesis of aging, atherosclerosis,2 heart failure,3
myocardial infarction,4 diabetes,5 hypertension,6 and hypercho-
lesterolemia.7 Thus, increased oxidative modiﬁcation of low-
density lipoprotein (ox-LDL) as one indication of oxidative stressMedicine, Ehime University
ura-cho, Seiyo-City, Ehime
oto).
inical Gerontology & Geriatrics. Pub
d/4.0/).is also signiﬁcantly associated with lipid levels as well as blood
pressure and fasting plasma glucose (FPG), and is also awell-known
risk marker in the initiation and progression of cardiovascular
disease (CVD).8
Arterial stiffness, one of the most signiﬁcant manifestations of
aging, vascular disease, and hypertension, is altered primarily in
association with increased collagen content, alterations of extra-
cellular matrix protein (arteriosclerosis), and smooth muscle
cell.9,10 Arterial stiffness can be relatively simple and noninvasively
assessed by measuring pulse wave velocity (PWV),10 and the
assessment by brachialeankle PWV (baPWV) has recently been
proposed in Japan.11,12 Many studies have demonstrated that
increased baPWV is useful for discriminating middle-aged patients
with CVD12,13 and mortality.14 Thus, increased baPWV may be onelished by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
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and CVD. The exact mechanisms underlying arterial stiffness,
however, remain unknown.
We investigated whether increased ox-LDL was associated with
increased arterial stiffness by measuring baPWV, and whether this
association is independent of gender, body mass index, and other
confounders of CVD. For this, we used cross-sectional data from
middle-aged and elderly community-dwelling persons.
2. Methods
2.1. Participants
The present study was designed as part of the Nomura study.15
The study population was selected through a community-based
annual check-up process from the Nomura Health and Welfare
Center in a rural town located in Ehime prefecture, Japan. Partici-
pants were enrolled in the study by public health nurses at the
health and welfare center. Physical activity level, information on
medical history, present conditions, and medications of the can-
didates were obtained through interviews. Those with CVDs or any
other major illnesses that could affect the laboratory test results
were excluded. All individuals aged 53e82 years with a clinically
documented diagnosis of hypertension, dyslipidemia, Type 2 dia-
betes, obesity, or any combination thereof were identiﬁed from the
case records. The study complies with the Declaration of Helsinki
and was approved by the Ethics Committee of Ehime University
School of Medicine, Ehime, Japan (UMIN000010611), with written
informed consent obtained from each participant.
2.2. Evaluation of risk factors
Information on demographic characteristics and risk factors was
collected using the clinical ﬁles at baseline. Body mass index was
calculated by dividing weight (in kilograms) by the square of the
height (in meters). We measured blood pressure with an
appropriate-sized cuff on the right upper arm of the participants in
a sedentary position using an automatic oscillometric blood pres-
sure recorder while they were seated after having rested for at least
5 minutes. The mean of two consecutive measurements was used
for the analysis. Triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C),
and FPG were measured during an overnight fast of > 11 hours.
Serum malondialdehyde-modiﬁed low-density lipoprotein (MDA-
LDL), which produces ox-LDL, was measured using an enzyme-
linked immunosorbent assay. Estimated glomerular ﬁltration rate
(eGFR) was calculated using the chronic kidney disease epidemi-
ology collaboration (CKD-EPI) equations modiﬁed by a Japanese
coefﬁcient (eGFRCKDEPI): maledCr 0.9 mg/dL, 141  (Cr/
0.9)0.411  0.993age  0.813, and Cr >0.9 mg/dL, 141  (Cr/
0.9)1.209  0.993age  0.813; female, Cr 0.7 mg/dL, 144  (Cr/
0.7)0.329  0.993age  0.813, and Cr >0.7 mg/dL, 144  (Cr/
0.7)1.209  0.993age  0.813.16 Histories of the use of antihyper-
tensive, antidyslipidemic, and antidiabetic medications were also
evaluated. Raised blood pressure was deﬁned as systolic blood
pressure 130 mmHg and/or diastolic blood pressure 85 mmHg,
and/or the current treatment for hypertension; elevated FPG was
deﬁned as an FPG level of  100 mg/dL or the current treatment for
diabetes mellitus.
2.3. Measurement of baPWV
PWV was measured using an automatic waveform analyzer
(PWV/ABI; Colin, Co., Ltd, Komaki, Japan). All individuals were
examined after resting in the supine position for at least 5 minutes,as described previously.17 This device records a phonocardiogram,
an electrocardiogram, a volume pulse form, and arterial blood
pressure at the left and right brachial arteries and ankles. Values of
baPWV were calculated using time-phase analysis between the
right brachial artery pressure and the volume waveforms at both
ankles. The distance between the right brachium and the ankle was
estimated based on the participant's height. We used the mean of
the right and left baPWVs as a marker of arterial stiffness.
2.4. Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics
version 20 (SPSS Japan, Inc., Tokyo, Japan). Data are presented as the
mean ± standard deviation unless otherwise speciﬁed, and for
parameters with a non-normal distribution (TG, MDA-LDL, and
baPWV), the data are shown as median (interquartile range) values.
In all analyses, parameters with a non-normal distribution were
used after log transformation. In these analyses, the participants
were divided into three categories based on the tertiles of theMDA-
LDL level (Tertile-1, 34e60 U/L; Tertile-2, 61e81 U/L; and Tertile-3,
82e218 U/L), and differences among the groups were analyzed by
Student t test for continuous variables or c2 test for categorical
variables. Pearson's partial correlations, after adjusting for gender
and age, were calculated in order to characterize the associations
between various characteristics and baPWV because the levels
increasedwith gender and age.17 Multiple linear regression analysis
was used to evaluate the contribution of each confounding factor to
baPWV. Analysis of covariance (ANCOVA) was performed using a
general linear model approach to determine the association be-
tween the confounding factors and baPWV in these analyses;
baPWV was the dependent variable, the three categories of MDA-
LDL levels were the ﬁxed factors, and signiﬁcantly confounding
factors were added as covariates. A p value < 0.05 was considered
signiﬁcant.
3. Results
3.1. Characteristics of various confounding factors of participants
categorized by tertiles of MDA-LDL level
Table 1 shows the characteristics of the participants categorized
by tertiles of the MDA-LDL level. The participants comprised 10
men aged 70 ± 7 years (range, 61e82 years) and 86 women aged
67 ± 7 years (range, 53e81 years). Systolic blood pressure, diastolic
blood pressure, TG, and LDL-C were signiﬁcantly higher in the
higher MDA-LDL group, but high-density lipoprotein cholesterol
was signiﬁcantly lower.
3.2. Gender- and age-adjusted PWV of participants categorized by
tertiles of MDA-LDL level
As shown in Table 2, both right and left baPWV values of Tertile-
2 (61e81 U/L) and Tertile-3 (82e218 U/L) were signiﬁcantly higher
than those of Tertile-1 (34e60 U/L).
3.3. Multivariate-adjusted baPWV of participants categorized by
MDA-LDL level
Figure 1 shows the multivariate-adjusted baPWV of participants
categorized by tertiles of the MDA-LDL level. BaPWV was adjusted
for gender, age, and presence of raised blood pressure. The
multivariate-adjusted baPWV increased signiﬁcantly from the
lowest to the highest MDA-LDL group categorized by tertiles of the
MDA-LDL level. Both baPWV values of Tertile-2 (61e81 U/L) and
Table 1
Characteristics of participants categorized by tertiles of the MDA-LDL level.a
Characteristics (N ¼ 96) MDA-LDL (U/L) p for trendb
Tertile-1 Tertile-2 Tertile-3
(34e60) (61e81) (82e218)
N ¼ 32 N ¼ 31 N ¼ 33
Gender (women) 28 (87.5) 30 (96.8) 28 (84.8) 0.265
Age (y) 68 ± 7 70 ± 6 66 ± 6 0.050
Body mass index (kg/m2) 24.2 ± 3.5 23.9 ± 2.6 25.2 ± 2.9 0.197
Body height (cm) 153.2 ± 6.9 150.3 ± 4.0 153.5 ± 9.7 0.277
Waist circumference (cm) 85.3 ± 8.8 85.7 ± 9.2 88.7 ± 8.8 0.248
Raised blood pressure (yes ¼ 1, no ¼ 0) 20 (62.5) 22 (71.0) 27 (81.8) 0.221
Systolic blood pressure (mmHg) 130 ± 19 140 ± 21 143 ± 24 0.036
Diastolic blood pressure (mmHg) 71 ± 11 76 ± 11 79 ± 13 0.039
Antihypertensive medication 9 (28.1) 10 (32.3) 14 (42.4) 0.458
Elevated fasting glucose (yes ¼ 1, no ¼ 0) 13 (40.6) 18 (58.1) 21 (63.6) 0.154
Fasting plasma glucose (mg/dL) 98 (91e110) 94 (101e115) 109 (98e124) 0.054
Antidiabetic medication 20 (62.5) 22 (71.0) 27 (81.8) 0.221
Triglycerides (mg/dL) 84 (55e107) 95 (69e126) 106 (71e134) 0.024
HDL cholesterol (mg/dL) 70 ± 16 71 ± 15 60 ± 14 0.007
LDL cholesterol (mg/dL) 110 ± 21 138 ± 29 146 ± 25 <0.001
MDA-LDL (U/L) 51 (47e57) 72 (66e76) 88 (84e103) <0.001
Antidyslipidemic medication 7 (21.9) 4 (12.9) 5 (15.2) 0.608
eGFR (mL/min/1.73 m2) 66.3 ± 11.1 69.1 ± 12.7 71.3 ± 12.2 0.257
Data are presented as n (%) or mean ± standard deviation. Data for triglycerides were skewed, presented as median (interquartile range), and log transformed for analysis.
ANOVA ¼ analysis of variance; eGFR ¼ estimated glomerular ﬁltration rate; HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; MDA ¼ malondialdehyde.
a Bold ﬁgures indicate signiﬁcance (p < 0.05).
b One-way ANOVA test or c2 test.
Table 2
Gender- and age-adjusted pulse wave velocity of participants categorized by tertiles of the MDA low-density lipoprotein level.a,b
Characteristics (N ¼ 96) MDA low-density lipoprotein (U/L) p for trend*
Tertile-1 Tertile-2 Tertile-3
(34e60) (61e81) (82e218)
N ¼ 32 N ¼ 31 N ¼ 33
Right brachial to ankle (cm/s) 1506 (1429e1589) 1641 (1552e1734)* 1660 (1574e1750)* 0.022
Left brachial to ankle (cm/s) 1524 (1449e1603) 1652 (1570e1742)* 1679 (1592e1766)* 0.018
Mean brachial to ankle (cm/s) 1517 (1442e1596) 1648 (1563e1738)* 1667 (1585e1754)* 0.018
* p < 0.05 versus Tertile-1.
MDA ¼ malondialdehyde.
a Data presented are mean values (95% conﬁdence interval). Mean pulse wave velocity was obtained by averaging the right and left brachial to ankle pulse wave velocities.
Data for pulse wave velocity were skewed and log transformed for analysis.
b Bold ﬁgures indicate signiﬁcance (p < 0.05).
p = 0.044
p = 0.044 
34–60 U/L 61–81 U/L 82–218 U/L 
N = 32 N = 31 N = 33 
Tertiles of MDA low-density lipoprotein
1538 (1469–1611) 
1648 (1570–1726) 1644 (1570–1726) 
Figure 1. Multivariate-adjusted mean pulse wave velocity of participants categorized
by tertiles of the MDA-LDL level. Data presented are mean values (95% conﬁdence
interval). Multivariate adjustments were made for all signiﬁcantly confounding factors
in Table 3 (e.g., gender, age, and raised blood pressure). Data for pulse wave velocity
were skewed and log transformed for analysis. LDL ¼ low-density lipoprotein;
MDA ¼ malondialdehyde.
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Tertile-1 (34e60 U/L).
3.4. Relationship between various risk factors including MDA-LDL
and baPWV
To further investigate whether MDA-LDL levels can explain
baPWV levels independent of other known confounding factors,
multiple linear regression analyses for baPWV were performed
with the two models listed in Table 3. MDA-LDL levels were shown
to be independently and signiﬁcantly associated with baPWV as
well as gender, age, and presence of raised blood pressure.
4. Discussion
To determine the contribution of increased oxidative stress to
advanced arterial stiffness in the general population, we studied
the relationship between CVD risk factors including MDA-LDL,
which causes oxidative stress and arterial stiffness, in middle-
aged and elderly persons. This study showed that increased MDA-
LDL was independently associated with arterial stiffness, as
Table 3
Relationship between various confounding factors including MDA-LDL and pulse wave velocity.a
Characteristics (N ¼ 96) Gender- and age-adjusted
Pearson's correlation coefﬁcient




r p b p b p
Gender d d ¡0.169 0.079 ¡0.166 0.036
Age d d 0.497 <0.001 0.488 <0.001
Body mass index 0.066 0.530 0.126 0.405 d d
Waist circumference 0.014 0.896 0.098 0.505 d d
Raised blood pressure 0.451 <0.001 0.378 <0.001 0.364 <0.001
Elevated fasting glucose 0.036 0.731 0.032 0.700 d d
Triglycerides 0.128 0.220 0.022 0.827 d d
HDL cholesterol 0.057 0.586 0.055 0.620 d d
LDL cholesterol 0.127 0.222 0.038 0.713 d d
MDA-LDL 0.233 0.024 0.220 0.042 0.164 0.037
Antidyslipidemic medication 0.044 0.676 0.062 0.457 d d
eGFR 0.005 0.964 0.052 0.544 d d
R2 0.014 0.897 0.506 <0.001 0.468 <0.001
Data for pulse wave velocity, triglycerides and MDA-LDL were skewed and log transformed for analysis.
b¼ standard coefﬁcient; eGFR¼ estimated glomerular ﬁltration rate; HDL¼ high-density lipoprotein; LDL¼ low-density lipoprotein; MDA¼malondialdehyde; r¼ Pearson's
correlation coefﬁcient.
a Bold ﬁgures indicate signiﬁcance (p < 0.05).
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highenormal MDA-LDL level within a normal range (61e105 U/L)18
is signiﬁcantly associated with a higher baPWV.
Studies that demonstrate a relationship between MDA-LDL
within a normal range and PWV are very few. Brinkley et al19
showed that increased plasma ox-LDL levels (p ¼ 0.008) were
associated with higher aortic PWV after adjustment for traditional
CVD risk factors, among 2295 elderly persons (mean age, 74 years;
52% female; 40% black). Mean aortic PWV increased signiﬁcantly
across tertiles (Tertile-1, 1.22e9.1 mg/L; Tertile-2, 9.1e13.4 mg/L;
and Tertile-3, 13.4e73.1 mg/L) of ox-LDL (869 ± 376 cm/s,
901± 394 cm/s, and 938± 415 cm/s, respectively; p¼ 0.002). Zagura
et al20 showed that serum ox-LDL levels are independently associ-
ated with aortic PWV among 42 menwith symptomatic peripheral
arterial disease (aged 66 ± 7 years) and 46 healthy men (aged
66± 8 years). Froma 3-year longitudinal, observational study of 288
middle-aged adults notmeeting the criteria formetabolic syndrome
at the initial screening, age-related increase inbaPWVwasgreater in
the presence of metabolic syndrome with higher levels of inﬂam-
matory and oxidative stress markers.21 In our study, multivariate-
adjusted baPWV increased signiﬁcantly from the lowest to the
highest MDA-LDL group categorized by tertiles of the MDA-LDL
level; a slightly highenormal MDA-LDL level within a normal
range22 was also signiﬁcantly associated with a higher baPWV.
The mechanisms that lead to higher baPWV in individuals with
increased MDA-LDL are not completely understood. We assumed
that there are several possible mechanisms linking MDA-LDL and
arterial stiffness. MDA-LDL is thought to be involved in many pro-
cesses of atherosclerosis; it is a promising candidate as a risk factor
for atherosclerosis in addition to the established risk factors such as
aging, gender, hypertension, diabetes, and LDL-C. MDA-LDL has
been reported to exert direct cytotoxicity on endothelial cells,
promote synthesis and secretion of adhesion molecules, increase
platelet aggregation and monocyte adhesion, and enhance foam
cell formation in atherosclerotic lesions, all of which lead to the
remodeling of vessel walls.23,24 Formation of ox-LDL in the sub-
endothelial space of arterial walls is an important initiation step for
atherosclerosis because it contributes to foam cell generation, in-
ﬂammatory processes, and endothelial dysfunction.25 MDA-LDL
also correlated with established risk factors such as systolic blood
pressure, diastolic blood pressure, TG, high-density lipoprotein
cholesterol, and LDL-C, which were independently associated with
arterial stiffness.26e28 In our study, however, MDA-LDL levels were
signiﬁcantly and independently associated with baPWV.Several limitations of this study must be considered. First, based
on its cross-sectional design, the present ﬁndings are inherently
limited in the ability to eliminate causal relationships between risk
factors and baPWV. Second, since the majority of the study popu-
lation had several risk factors, including insulin resistance, hyper-
tension, and an advanced age, we could therefore not eliminate the
possible effects of underlying diseases and medications used for
hypertension and dyslipidemia on the present ﬁndings. Third,
MDA-LDL is based on a single assessment, which may introduce
misclassiﬁcation bias. Therefore, the demographics and referral
source may limit generalizability of the study ﬁndings.
In conclusion, the present study showed that a slightly high-
enormal MDA-LDL level was associated with an increased risk of
baPWV in middle-aged and elderly persons. The underlying
mechanism behind this relationship is unclear, but it seems to be
independent of traditional cardiovascular risk factors such as age,
body mass index, hypertension, dyslipidemia, and renal function.
Further prospective population-based studies are needed to
investigate the mechanisms underlying this association.
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